Objective: To evaluate the effects of nutrient intake and vitamin D status on markers of type I collagen formation and degradation in adolescent boys and girls. Design: Cross-sectional study. Setting: Canton of Vaud, West Switzerland. Subjects: A total of 92 boys and 104 girls, aged 11-16 y. Data were collected on height, weight, pubertal status (self-assessment of Tanner stage), nutrient intake (3-day dietary record) and fasting serum concentration of 25-hydroxyvitamin D (25OHD), and markers of collagen formation (P1NP) and degradation (serum C-terminal telopeptides: S-CTX). Results: Tanner stage was a significant determinant of P1NP in boys and girls and S-CTX in girls. Of the nutrients examined, only the ratio of calcium to phosphorus (Ca/P) was positively associated with P1NP in boys, after adjustment for pubertal status. 25OHD decreased significantly at each Tanner stage in boys. Overall, 15% of boys and 17% of girls were identified as being vitamin D insufficient (serum 25OHD o30 nmol/l), with the highest proportion of insufficiency at Tanner stage 4-5 (29%) in boys and at Tanner stage 3 (24%) in girls. A significant association was not found between 25OHD and either bone turnover marker, nor was 25OHD insufficiency associated with higher concentrations of the bone turnover markers. Conclusions: The marked effects of puberty on bone metabolism may have obscured any possible effects of diet and vitamin D status on markers of bone metabolism. The mechanistic basis for the positive association between dietary Ca/P ratio and P1NP in boys is not clear and may be attributable to a higher Ca intake per se, a critical balance between Ca and P intake or higher dairy product consumption. A higher incidence of vitamin D insufficiency in older adolescents may reflect a more sedentary lifestyle or increased utilisation of 25OHD, and suggests that further research is needed to define their requirements.
Introduction
Osteoporosis, and its associated fractures, is a major public health problem for women and men worldwide. The costs to public health services are significant, and with ageing demographics the burden of the disease will continue to grow (Cooper et al, 1992) . It is important to identify dietary and lifestyle factors that could maximise achievement of peak bone mass and possibly reduce the risk of developing osteoporosis later in life.
During adolescence, osteoblasts (bone formation cells) and osteoclasts (bone resorption cells) increase bone size and change bone shape by processes known as modelling and remodelling (Baron, 2003) . Reflecting the high level of cellular activity, concentrations of biochemical markers of bone metabolism can be 5-10 times greater than that reported for adults (Johansen et al, 1988; Cadogan et al, 1998) . Dietary requirements for calcium (Ca) and phosphorus (P) are increased and almost 50% of total bone mineral is deposited at 9-18 y in females and 10-20 y in males (Matkovic, 1991) . Several Ca supplementation studies have been conducted in children and adolescents, which have shown that Ca supplementation is associated with increases in bone mineral content, which may be attributable to a reduction in bone turnover rate mediated by reduced parathyroid hormone (PTH) secretion (Johnston et al, 1992; Lloyd et al, 1993; Cadogan et al, 1997; Slemenda et al, 1997; Dibba et al, 2000; Wastney et al, 2000; Ginty et al 2002a, b; Prentice et al, 2002; Stear et al, 2003) . In adults, other nutrients have been postulated to have direct and/or indirect effects on Ca and bone metabolism and bone mineral status, including magnesium (Mg) (Sojka & Weaver, 1995; Tucker et al, 1999; New et al, 2000) , vitamin D (Holick, 1996) , and potassium (K) (Sojka & Weaver, 1995; Tucker et al, 1999; New et al, 2000) . It is not known whether usual dietary intakes of Ca, P, vitamin D, Mg and K affect bone turnover rate in adolescents and whether this affects the achievement of maximum peak bone mass.
Vitamin D (25 hydroxyvitamin D; 25OHD) status has been shown in many studies in adults and the elderly to be inversely associated with PTH and positively associated with bone mineral status (Lips, 2001; Meunier, 2001) . A similar relationship between PTH and 25OHD has been reported in adolescents (Guillemant et al, 1995 (Guillemant et al, , 1996 El-Hajj Fuleihan et al, 2001) . Finnish adolescents with plasma 25OHD o40 nmol/l have been shown to have significantly lower forearm bone mineral density (BMD) at the radial and ulnar sites, compared to those with plasma 25OHD 440 nmol/l (Outila et al, 2001) . A recent study in girls aged 10-17 y showed that markers of bone turnover were higher in girls with 25OHD o50 nmol/l (Fares et al, 2003) . However, this difference became nonsignificant once pubertal stage was adjusted for. There is currently a lack of consensus on the optimal concentration of 25OHD for achievement of maximum peak bone mass and maintenance of bone mass in adulthood. Evaluation of the effects of 25OHD status on markers of bone metabolism in adolescents may provide insight into the effects of 25OHD on the skeleton at a dynamic level, and thus assist in the determination of an optimal 25OHD concentration for achievement of optimal peak bone mass.
The aims of this study were to determine (1) whether markers of collagen formation (PINP) and resorption (serum C-terminal telopeptides: S-CTX) are associated with nutrient intake (specifically, dietary Ca, P, the Ca/P ratio, vitamin D, Mg and K) and (2) to determine whether P1NP and S-CTX are affected by 25OHD status.
Materials and methods

Subjects
This work was part of a larger study investigating food habits, physical fitness and sports activity of Swiss adolescents Narring et al, 1999; Decarli et al, 2000) . A sub-group of 196 subjects (92 boys and 104 girls) aged 11.4-16.4 y, from the Canton de Vaud, in West Switzerland, were selected for further investigation on the basis of having adequate sample volume for the proposed analyses. All subjects were apparently healthy, had normal growth, and were not taking medications known to affect bone metabolism and Ca homeostasis. The standing height of the subjects was measured to the nearest millimetre by school nurses, with a portable Harpenden s stadiometer. Body weight was measured with a beam balance to the nearest 0.1 kg and body mass index (BMI, kg/m 2 ) was calculated. Tanner stage was determined by self-assessment of pubic hair development, using drawings illustrating the five Tanner stages, (Duke et al, 1980) . Depending on the selected stage of development, subjects were graded as P1 (pre-puberty), P2 (early puberty) and P3 (mid-puberty). Due to the difficulties in accurately differentiating between pubic hair stages 4 and 5, all subjects who described themselves as P4 were categorised as P4-5 in the final data set. Three subjects were not included in the final data set. These included one boy (Tanner stage P2) who had a BMI of 37.7 kg/m 2 . Since only two girls were at Tanner stage P1, they were also excluded.
The protocol was reviewed by the Ethical Committee of the Medical School, University of Lausanne. Informed consent was obtained from all the subjects and their parents before participation in this study, by letter and telephone.
Blood sampling Blood sample collection was carried out between September 1996 and March 1997. To avoid the influence of circadian rhythm, blood (2 ml) was collected from fasting subjects between 0700 and 0900 h in the morning from the antecubital vein. The samples were allowed to coagulate for 2 h and were centrifuged at 2500 rpm for 20 min. Serum was separated, frozen and stored at À801C until analysis between July and October 1999.
Nutrient intake assessment
Nutrient intakes in 92 boys and 102 girls were estimated from a 3-day dietary record (including 2 week days and either Saturday or Sunday) and a follow-up interview with a dietitian. The dietitian also called the mother at the end of the recorded period to review the diary and improve the quality of the recorded dietary data. An in-house database was used to determine total daily energy (MJ), carbohydrate, protein, fat, Ca, P, Mg, K and vitamin D intake. The database was comprised of 688 different food/drink items and nutrient composition was derived from French food composition tables (Favier et al, 1995) (85%), product information from labels (7%) and other relevant food composition tables (8%).
S-CTX, P1NP and 25OHD analysis S-CTX was measured in duplicate using an enzyme immunoassay technique (Serum CrossLapst One Step ELISA kit, Osteometer BioTech, Denmark) and expressed as nmol/l. Samples in which S-CTX concentration exceeded the range of the standard curve were diluted with a zero calibrator. Control samples were included in each analytical series; interassay coefficient of variation (CV) (n ¼ 6) was 9.1% and intra-assay CV (n ¼ 11) was 5.8%. Serum P1NP was measured in duplicate using a radioimmunoassay technique (Intact P1NP kit, Orion Diagnostica, Finland) and was expressed as mg/l. Samples in which P1NP concentration exceeded the range of the standard curve were diluted with a zero calibrator after testing for assay linearity. Interassay CV (n ¼ 6) was 7.0% and intra-assay CV (n ¼ 11) was 6.2%. The concentration of 25OHD in serum was measured in duplicate using a radioimmunoassay technique (DiaSorin, Stillwater, Minnesota, USA) and was expressed as nmol/l. The same plasma pool was used to determine intra-assay CV for two series of analysis, which included the adolescent samples. The first of these series (n ¼ 15) had a CV of 6.7% and the second series (n ¼ 10) had a CV of 4.9%.
Statistical analysis
Descriptive statistics (mean, standard deviation (s.d.)) were determined for age, weight, height, BMI, S-CTX, P1NP, 25OHD and nutrient intakes according to Tanner stage (P1 to P4-5 in boys and P2 to P4-5 in girls). In order to provide some validation of energy intake, energy intake/basal metabolic rate (EI/BMR) was calculated for all subjects (Goldberg et al, 1991) . BMR was calculated from body weight, using the following equations: boys: Health, 1991) . One-way analysis of variance (ANOVA) and the Scheffé multiple comparison test were used to test the differences between Tanner stages and in bone marker concentration above and below 25OHD insufficiency cutoffs. Stepwise multiple regression analysis was used to determine the relationships between P1NP, S-CTX and nutrient intake and 25OHD. Adjustment was made for BMI, and Tanner stage in analysis of P1NP and S-CTX, and month of sample collection was included in the analysis of 25OHD. In the construction of the models, P1 was selected as the reference pubertal stage in the boys and P2 was used in the girls. Significant determinants are presented in this paper. With a sample size of 93, the multiple linear regression test of r 2 ¼ 0 (a ¼ 0.050) for three normally distributed covariates would have 80% power to detect an r 2 of 0.11. All analyses were carried out separately for boys and girls using S-PLUS 2000 (S-PLUS 2000, Insightful, Seattle, WA, USA).
Results
Anthropometry, bone turnover and vitamin D status
Boys at P3 and P4-5 were significantly older than boys at P1 and heavier than boys at P1 and P2 (Table 1) . Height increased significantly at each Tanner stage and BMI was highest at P4-5. The bone resorption marker S-CTX did not differ by Tanner stage; the formation marker P1NP peaked at P3 with a significant difference found between P1 and P3. The highest mean concentration of 25OHD was found at P1 and significantly lower concentrations were found at P3 and P4-5. Of the boys sampled between November and March (n ¼ 85), 15% were identified as vitamin D insufficient (serum 25OHD o30 nmol/l) and the highest proportion of insufficient values was found at Tanner stage 4-5 (29%).
Compared to girls at P1, those at stage P4-5 were significantly older and girls at P3 and P4-5 were taller (Table 2) . Weight increased significantly at each Tanner stage and BMI was highest in P4-5. S-CTX and P1NP were highest at P2. No significant differences in 25OHD were found across Tanner stage for the girls. Of the girls, sampled between November and March, 17% were identified as vitamin D insufficient (serum 25OHD o30 nmol/l) and the highest proportion of insufficiency was found at Tanner stage 3 (24%).
Nutrient intakes
In all, 15% of boys (n ¼ 14) and 26% of girls (n ¼ 27) had an EI/BMR of less than 1.1, indicating that they were probably underreporting or in negative energy balance for the dietary assessment period. In boys and girls, the majority of the underreporters were at Tanner stages 3 and 4. Energy, protein and carbohydrate intakes increased across Tanner stages. Energy and carbohydrate (CHO) intake were lowest in boys at P1 and no significant differences were found across the Tanner stages for the other nutrients (Table 3 ). In girls ( of the DRI (360 mg). On the whole, intakes were found to be similar to those found in a nationally representative sample of 11-18-y-olds in the UK National Diet and Nutrition Survey (Gregory et al, 2000) .
Effects of nutrient intake on PINP and S-CTX In boys, Tanner stage and Ca/P ratio were significant determinants of P1NP (Table 5 ). Following exclusion of underreporters (n ¼ 14) from the analysis, this model remained significant (results not shown). Examination of the individual Tanner stages showed that the positive association was significant at Tanner stage 4-5 (P ¼ 0.05), but not at the other stages (Figure 1 ). Ca, P, Mg and K were not found to be significant determinants of either PINP or S-CTX in boys. In girls, Tanner stage and BMI were the only significant determinants of P1NP (Table 5) and Tanner stage was a significant determinant of S-CTX (Table 5) . Overall, the adjusted r 2 obtained for the multiple regression models ranged from 15 to 53%.
Effect of 25OHD status on PINP and S-CTX
After adjustment for month of sample collection, 25OHD was found to decrease significantly with increasing Tanner stage in boys (Table 5 ). In girls, neither month of sample collection nor Tanner stage were significant determinants of 25OHD. 25OHD was not a significant determinant of either PINP or S-CTX in boys or girls. Using the most common published cutoffs for 25OHD insufficiency (o50 nmol/l (79 boys); o37.5 nmol/l (38 girls and 33 boys); and o30 nmol/l (17 girls and 13 boys), no significant differences were found in either PINP or S-CTX between subjects above and below these cutoffs (considering each Tanner stage separately and all stages together).
Discussion
Few studies have described the pubertal changes in the serum markers of bone resorption and formation, S-CTX and P1NP, and addressed whether there is an effect of nutrient intake and 25OHD status on marker concentration. In this study we found gender-specific, pubertal-related effects on S-CTX and P1NP, with concentrations of both markers being substantially higher than adult values Rosenquist et al, 1998; Traba et al, 1999; Wichers et al, 1999) . In boys, 25OHD decreased significantly with advancing pubertal stage. Although the same pattern was not found in girls, a greater incidence of insufficiency was found in girls at Tanner stage 3. Nutrient intakes did not change with Tanner stage, and were similar to intakes found in a nationally representative sample of 11-18-y-olds in the UK National Diet and Nutrition Survey (Gregory et al, 2000) . After correction for Tanner stage and BMI, only the Ca/P ratio was found to be positively associated with P1NP levels in boys and no significant associations were found between 25OHD and either P1NP and S-CTX. This does not necessarily indicate that the impact of diet and vitamin D status on bone metabolism is minimal because it is possible that any effects have been obscured by puberty. 
Bone turnover in adolescents F Ginty et al
The different patterns observed for both bone markers in boys and girls are probably attributable to the earlier onset of puberty in girls (Ballabriga, 2000) . Although the mean age of boys and girls at P2 was similar, the rate of change is known to be slower in boys, with P2 occurring after genital development stage 3 in boys, compared to breast development stage 2 in girls (Tanner, 1963) . Owing to the degree of overlap between the stages of development in boys and girls, pubic hair assessment (as well as other physical measures) is only an approximate estimate of pubertal status and can result in erroneous classification. We attempted to reduce this error by combining stages 4 and 5, since differentiation between the two stages is difficult. In support of the classification system we used, the mean age of our subjects at each pubertal stage was in close agreement with published pubertal profiles for Caucasian boys and girls (Tanner, 1963) . Furthermore, P1NP and S-CTX peaked at the same Tanner stage at which peak height velocity has been shown to occur (ie between pubic hair stages 3 and 4 in boys and between stages 2 and 3 in girls) (Tanner, 1963) . Comparison with published data shows that the pubertal changes in S-CTX are similar to those observed for other type I collagen telopeptide markers, NTX and ICTP Mora et al, 1998) . There are no published studies describing pubertal changes in P1NP; however, changes in the C-terminal propeptide marker (PICP) have been well described and parallel our findings (Rotteveel et al, 1997; Sorva et al, 1997) . PICP has the disadvantage of being hormone sensitive, and it is believed that P1NP may be a more sensitive and representative marker of bone formation during adolescence and possibly other life stages (Risteli & Risteli, 1997) .
By comparison with the effects of puberty, there was less evidence for an effect of usual nutrient intake on bone metabolism. However, a significant positive relationship was Bone turnover in adolescents F Ginty et al found between P1NP and Ca/P ratio in the boys. The mechanistic basis for this association is not clear and may be attributable to a higher Ca intake per se, a critical balance between Ca and P intake or higher dairy product consumption. Further examination of the relationships between P1NP and Ca and P separately (with and without energy adjustment) showed weak positive associations (nonsignificant) with both nutrients and did not reveal any further insight into the possible basis for this relationship. Evaluation of the individual Tanner stages showed a significant positive association between P1NP and Ca/P ratio at Tanner stage 4-5 but not at the other stages. Although the study was not powered to take this approach, it may indicate greater responsiveness to Ca/P ratio during late adolescence, but the basis for this is not known. Given the interplay between Ca and P, both in relation to bone mineral composition (BMC) and in the regulation of PTH, it is possible that a lower or higher intake of one in relation to the other may affect Ca and bone metabolism. However, this theory remains to be proven and the supporting evidence for an 'optimum' Ca/P ratio is lacking. Neville et al (2002) found a significant positive relationship between lumbar spine BMD and Ca/P ratio in young adult males, and Whiting et al (2002) showed that P was a significant positive predictor of whole body and lumbar spine BMD in men aged 39-42 y. A further study by Teegarden et al (1998) showed that whole body and spine BMC and BMD were positively related to P intake and Ca/P ratio. In our study, both P and Ca were strongly positively correlated with protein intake in both boys and girls. Ca/P ratio was not significantly associated with protein intake, but a higher ratio may reflect high dairy product intake. Milk supplementation in adolescent girls and older men and women was associated with higher mean plasma concentration of the anabolic growth factor, insulin-like growth factor I (IGF-1), which was attributed to increased intake of protein from milk (Cadogan et al, 1997; Heaney et al, 1999) . IGF-1 has been shown to stimulate osteoblast activity and collagen production in vitro (McCarthy et al, 1989) . The relationship between P1NP and Ca/P ratio in this study might be explained by higher plasma IGF-1, mediated by higher dairy product intake. Further work is needed to define what the Ca/P ratio represents, and whether it is an important determinant of bone metabolism and bone mineral accrual in the context of overall diet. In all, 15% of boys and 17% of girls sampled between November and March had insufficient circulating 25OHD (which for this study was defined as o30 nmol/l (Lips et al, 1988) ). There is a lack of consensus on the definition of 25OHD insufficiency and various cutoffs have been proposed. Meunier (2001) has proposed that 25OHD concentration between 50 and 80 nmol/l would be optimal for suppression of PTH in the elderly. El-Hajj Fuleihan et al (2001) found few PTH values above the upper limit of normal (which was not defined) at 25OHD concentrations between 50 and 75 nmol/l in boys and girls aged 10-17 y. In that study, 65% of boys and girls had 25OHD o50 nmol/l (in our study, 76% of girls and boys had 25OHD o50 nmol/l).
Irrespective of the cutoff used, the findings from our study indicate that there is a greater incidence of 25OHD insufficiency in older adolescents. Vitamin D status decreased with Tanner stage in the boys and the greatest proportion of insufficiency was found in P4-5. Although no difference in 25OHD was found across Tanner stage in the girls, the highest proportion of insufficiency was found in girls at Tanner stage 3. In agreement with our findings, Guillemant et al (1995) found a negative relationship between pubertal status and 25OHD and a positive relationship between pubertal status and 1,25(OH) 2 D 3 in adolescent males aged 13-16 y. A recent study in children aged 10À16 y also found a negative relationship between 25OHD and Tanner stage (El- Hajj Fuleihan et al, 2001 ). The reasons for this apparent age-related decline in vitamin D status may be due to reduced participation in outdoor sports, coupled with greater demands on 25OHD stores due to higher dietary Ca requirements for skeletal mineralisation. Owing to lack of sample, it was not possible to measure PTH in this study, and so it could not be confirmed whether lower 25OHD was associated with higher PTH. However, 25OHD was not found to be a significant determinant of PINP or S-CTX in either boys or girls, and there were no indications that bone turnover was higher in subjects with lower 25OHD status (using a range of published cutoffs). Although Fares et al (2003) found that bone turnover markers (bone specific alkaline phosphatase (marker of bone formation) and S-CTX) were higher in adolescent girls aged 10-17 y with 25OHD o50 nmol/l, 25OHD was not found to be a significant determinant of bone turnover markers once adjustment was made for Tanner stage in girls or boys. The effect of vitamin D insufficiency on the achievement of peak bone mass has been examined in a limited number of studies. In one study, a group of 14-16-y-old adolescent Finnish girls with plasma 25OHD o40 nmol/l had significantly lower forearm BMD at the radius compared to those with 25OHD 440 nmol/l (Outila et al, 2001) . More recently, a 3-y longitudinal study of 9-15-y-old Finnish girls showed that baseline 25OHD correlated significantly with the unadjusted 3-y change in BMD at the lumbar spine and femoral neck in all participants (Lehtonen-Veromaa et al, 2002) . In our study, it is possible that an effect of 25OHD insufficiency on bone turnover may have been obscured by the milieu of hormonal factors influencing bone turnover rate at this time.
In conclusion, the results of this study indicate that bone formation and resorption markers appear to be primarily influenced by pubertal status, and the effect of usual nutrient intake is small by comparison. The seasonal decline in 25OHD, coupled with a further negative influence of puberty in boys, was not found to be associated with bone turnover, but it is possible that bone mineral status may be negatively affected in the longer term. Although several studies have shown that vitamin D insufficiency is a widespread problem in all age groups, dietary recommendations for adolescents are inconsistent and deserve review and research. Further studies are required in adolescents to define optimum 25OHD status for the achievement of maximum peak bone mass.
